Derivatives of β-K 2 Bi 8 Se 13 are an interesting series of materials for thermoelectric investigations due to their very low thermal conductivity and highly anisotropic electrical properties. Up to now substitutions on the Bi and alkali metal sites have been studied in order to tune the thermoelectric properties. In this work, the thermoelectric properties of the sulfursubstituted K 2 Bi 8 Se 13-x S x (0<x<13) are presented with respect to Seebeck coefficient, the electrical and thermal conductivity as a function of temperature. Seebeck coefficient measurements showed the n-type character of all members while electrical conductivity shows higher values compare to the other solid solution series of the same type. The lattice thermal conductivity is affected due to the Se/S disorder. The temperature dependence of the figure-ofmerit ZT shows that these materials have potential for high temperatures applications with promising thermoelectric performance.
Introduction
β-K 2 Bi 8 Se 13 1 and its solid solutions series were found to be promising materials for thermoelectric investigations. The complex crystal and electronic structure of β-K 2 Bi 8 Se 13 is the key feature for the expected high Seebeck coefficient 2 and the low thermal conductivity that arises from a large, low symmetry unit cell and weakly bound K + ions in cages ("phonon glasselectron crystal" conjecture) 3 . Since solid solution are expected to further decrease the lattice thermal conductivity, the substitution at the heavy metal sites (i.e. K 2 Bi 8-x Sb x Se 13 ) 4, 5 and at the alkali metal sites (K 2-x Rb x Bi 8 Se 13 ) 6 has been studied. Low lattice thermal conductivities as well as interesting n-and p-type thermoelectric properties were observed. The substitution at the chalcogenide sites has been achieved (i.e. K 2 Bi 8 Se 13-x S x ) 7 .
In this work, we present the thermoelectric properties of the K 2 Bi 8 Se 13-x S x series 8 in order to assess their potential. Their power factor seems promising regarding values and trends with temperature. Preliminary doping studies were also performed showing significant ZT improvement and suggesting further optimization studies on this series.
Results and Discussion
Synthesis and sample preparation K 2 Bi 8 Se 13-x S x solid solutions were synthesized with solid state reactions 7 and for transport measurements large ingots were grown using a vertical Bridgman technique. The products were characterized using powder X-ray diffraction to confirm the purity of the phase. The transport measurements were carried out along b-crystallographic axis on samples consisting of well-oriented needle crystals.
A four sample measurement system 8 was used to measure simultaneously electrical conductivity, Seebeck coefficient and thermal conductivity over temperature range 80-400 K. Samples were mounted in the standard four probe configuration for the thermal conductivity and the heater current was adjusted for an average temperature gradient of 1 K. Data acquisition and computer control of the system was maintained under the LabVIEW software environment 9 .
Crystal structure β-K 2 Bi 8 Se 13 has a low symmetry monoclinic structure 1 that includes two different interconnected types of Bi/Se building blocks and K + atoms in tunnels, see Figure 1 . The so-called NaCl -type Bi/Se blocks are connected to each other at special high (8 or 9) coordination mixed-occupancy K/Bi sites, that strongly affect the transport properties of the compound as suggested by band structure calculations 10 . crystallographic studies on selected members showed that the K/Bi disorder varies with stoichiometry while Se/S distribution is more or less uniform. This variation of K/Bi disorder is expected to significantly affect the transport properties with stoichiometry.
Thermoelectric Properties
Electrical conductivity and Seebeck coefficient measurements on the members x=4, 6, 8 and 10 of the K 2 Bi 8 Se 13-x S x solid solutions are shown in Fig. 2 and 3 . All members show similar trends with temperature for both electrical conductivity and Seebeck coefficient. The Seebeck coefficient is negative for all members indicating their n-type character. It also increases with temperature (absolute values) for all members while the temperature dependence of the electrical conductivity decreases. This behaviour is typical for most bismuth alkali chalcogenide compounds 12 .
At room temperature the electrical conductivity increased from 350 S/cm to a maximum value of 480 S/cm going from x = 4 to 6. At higher sulphur concentration the electrical conductivity decreases to 400 S/cm for x=8 and 210 S/cm for x=10. The Seebeck coefficient appears a minimum (absolute value) of ~ -85 µV/K with stoichiometry at member x=6 suggesting maximum n-type carrier concentration which is in agreement with conductivity variation.
The power factor (S 2 σ) as a function of temperature for each member is shown in Figure   4 . The member with x=8 showed the highest value of ~9 µW/cm·K 2 at 400K, followed by the x=4 compound which showed power factor of ~7 µW/cm·K 2 , whereas x=6 and 10 were almost identical for all temperature range with ~4 µW/cm·K 2 . The temperature dependence of the power factor for all members is very encouraging since it suggests higher values at higher temperatures. Thermal conductivity measurements were also carried out and the low values of the member x=6 over a wide temperature range are shown in Figure 5 . The lattice thermal conductivity is calculated based on Wiedemann Franz law to be below 1 W/mK even at 400K which is much lower than that of the S-end member 13 . Similar low lattice thermal conductivity values have been observed on the β-K 2 Bi 8 Se 13 compound and its solid solutions and are attributed to the complex crystal structure as well as the mass fluctuation generated in the lattice by forming solid solutions. Note that the values are overestimated since the measurements were not corrected for radiation losses.
Doping experiments
In an attempt to further improve the power factor of these materials doping experiments were performed. In order to avoid the possible loss of sulfur during synthesis, samples were prepared with excess of sulfur. Sulfur and/or selenium vacancies serve as source of electrons participating to the electrical conduction.
Using sulfur excess led to interesting results for K 2 Bi 8 Se 13-x S x (x=6). The electrical conductivity of the member K 2 Bi 8 Se 13-x S x (x=6) prepared with 0.3 wt.% S excess was ~430 S/cm at room temperature, similar to that of the sample prepared without such excess. The Seebeck coefficient, however, increased from -85 µV/K to ~ -150 µV/K and this could confirm the expected elimination of the S vacancies in the lattice thus higher electron concentration. The power factor was finally increased to ~9.5 µW/cmK 2 . Figure 6 also shows the ZT of the member (x=6) prepared with S excess in comparison to the pure member (x=6) as well as the member x=8 that presented the best power factor (Figure 4) . The ZT for the doped member was estimated based on the electrical conductivity and Seebeck measurements as well as the thermal conductivity assuming: (a) the lattice contribution equal to the lattice thermal conductivity of the x=6 member without excess sulfur and (b) electronic contribution based on Wiedeman-Franz law and on the electrical conductivity data.
Thermoelectric Performance
The figure-of-merit ZT for members x=6 and x=8 show values up to 0.25 at 400K, see Figure 6 . It is interesting to point out the increasing trend of ZT with rising temperature, which suggests the potential use of these materials at high temperature applications (i.e. power generation). Extrapolations from low temperature data indicate that ZT can exceed 0.5 at 700K for these unoptimized samples.
Doping experiments lead to even higher ZT values but more importantly the slope of the temperature dependence has been increased. However, in order to further study these trends and the maximum possible values, high temperature experimental data are necessary and in progress.
These ZT values are significantly improved compare to the S-end member of the series (x=13) that was reported to be 0.03 at room temperature 13 . On the other hand, the Bi-end member 1 (x=0) has similar ZT values at 300K but its temperature dependence is weaker making these materials more promising considering them as high temperature materials. Additionally these values are also comparable to those of the K 2 Bi 8-x Sb x Se 13 series. The advantage of the Se/S series is the higher electrical conductivity values while the advantage of the Bi/Sb series is the ability to have both n-and p-type materials depending on tuning based on the Sb concentration. These results are encouraging to further work on the β-K 2 Bi 8 Se 13 family of compounds since higher ZT values are expected on both types of materials that are required for a thermoelectric module. 
Conclusions
In this work, the K 2 Bi 8 Se 13-x S x series of compounds was studied with respect to their charge transport properties. Seebeck coefficient measurements and electrical conductivity showed an enhancement of the n-type character with stoichiometry that reaches a maximum at x~6. The power factor is promising while its temperature dependence shows the potential of these materials for high temperature applications. The lattice thermal conductivity in these systems is low due to the complex structure as well as the mass fluctuation due to the solid solution formation. The promising figure-of-merit can be further increased with doping experiment and this will be the focus of future work.
